holoenzyme reconstituted with 2-thioFMN showed a 509-nm absorption peak, which represents a 19-nm red Free reduced flavin is quite unstable due to rapid shift from the corresponding peak of the free flavin, autooxidation (13). In general, little is known about and was catalytically active in using either FMN or 2-how the reduced flavins produced by flavin reductases thioFMN as a substrate. The holoenzyme showed a are efficiently coupled to other reactions in vivo or in concentration dependence in molecular sieve chroma-vitro. A NADPH:FMN oxidoreductase (flavin reductase tography corresponding to higher apparent molecular P or FRP) has been isolated some years ago from the weights at higher concentrations. Both the holoen-luminous bacterium Vibrio harveyi (14). We have tarzyme and the apoenzyme was shown at 4ЊC by equilib-geted this FRP-bacterial luciferase system for detailed rium ultracentrifugation to undergo dimerization investigations regarding the mechanism of interenzyme flavin transfer. The genes encoding V. harveyi FRP (15) and luciferase (16) have both been cloned and
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holoenzyme reconstituted with 2-thioFMN showed a 509-nm absorption peak, which represents a 19-nm red
Free reduced flavin is quite unstable due to rapid shift from the corresponding peak of the free flavin, autooxidation (13) . In general, little is known about and was catalytically active in using either FMN or 2-how the reduced flavins produced by flavin reductases thioFMN as a substrate. The holoenzyme showed a are efficiently coupled to other reactions in vivo or in concentration dependence in molecular sieve chroma-vitro. A NADPH:FMN oxidoreductase (flavin reductase tography corresponding to higher apparent molecular P or FRP) has been isolated some years ago from the weights at higher concentrations. Both the holoen-luminous bacterium Vibrio harveyi (14) . We have tarzyme and the apoenzyme was shown at 4ЊC by equilib-geted this FRP-bacterial luciferase system for detailed rium ultracentrifugation to undergo dimerization investigations regarding the mechanism of interenzyme flavin transfer. The genes encoding V. harveyi FRP (15) and luciferase (16) have both been cloned and onto a Sephadex G-25 column (1 1 30 cm) preequilibrated and eluted experimental findings at molecular levels and rational with 50 mM P i containing 6 M urea and 1 mM dithiothreitol. To a design of new experiments. The FRP not only uses fla-200-ml beaker containing 150 ml of 50 mM P i , the pool of protein peak vin as a substrate but also binds FMN as a cofactor (Ç3 ml) was added with gentle stirring. After 15 min, the refolded (15) to mediate a ping-pong reaction in a single-enzyme apoenzyme was concentrated to 2 ml by the following procedures.
The sample was first loaded on a 0.5 1 2-cm DEAE-Sepharose column spectrophotometric assay (11). Strikingly, a sequential preequilibrated with 50 mM P i and then eluted with 20 ml of the same kinetic mechanism was observed in the FRP-luciferbuffer to remove urea in the column with the apoenzyme remaining ase coupled assay monitoring light emission (19 enzymes reconstituted with these two flavins were also Equilibrium ultracentrifugation experiments were carried out at determined. 30 ,000 rpm and 4ЊC using a Beckman XL-A analytical ultracentriThe molecular weight (M r ) of monomeric FRP de-fuge and employing the high-speed, meniscus-depletion procedure duced from the gene sequence is 26,312 (15) . This is in (22) . The loading protein concentrations were A 280 Å 0.85 and 0.35 good accord with the M r 28,000 determined by SDS-for native and apoenzyme, respectively, in 200 mM P i . Sedimentation data were acquired at 4-h intervals until no detectable changes in PAGE but differs from the values of 33,000 to 40,000 the distribution of protein concentration over at least 8 h were obrevealed by earlier molecular sieve chromatography served, at which point at least five scans were taken and then aver- (14, 15) . On the other hand, our recently completed aged. The data were fitted by nonlinear least squares to both a non crystal structure of FRP shows that it is a homodimer associating and an associating model according to Eqs. [1] and [2] , (18). These findings, taken together, prompted us to respectively, propose a monomer-dimer equilibrium for FRP in so-
lution. Molecular sieve and equilibrium ultracentrifugation were also carried out in this work to investigate
the subunit interaction for the FRP apoenzyme and the [2] native holoenzyme.
where A r and A o are the absorbances at radii X and X o , respectively;
; vV is the partial specific volume of the protein
MATERIALS AND METHODS
and is assumed to be 0.74; r is the density of the solvent; v is the angular velocity of the rotor; M V w is the weight-average molecular Materials. FMN, FAD, riboflavin, and NADPH were purchased weight; M 1 is the monomeric molecular weight; n is the stoichiomefrom Sigma. Ultrapure urea was from Fisher. Guanidine hydrochlotry; K a is the association constant; and E is the baseline offset. The ride was obtained from Eastman. 2-ThioFMN was synthesized and validity of the model was determined by the randomness of residuals purified as described previously (20). FAD was purified by column and ''goodness of fit'' calculated by chromatography (21). All phosphate (P i ) buffers used in this work are at pH 7.0 and consisted of molar fractions of 0.39 sodium monobase and 0.61 potassium dibase.
1 DOF
Purification and assay of FRP. V. harveyi FRP was purified to apparent homogeneity following published procedures (15) . FRP activities were measured spectrophotometrically by monitoring dewhere DOF is degree of freedom. creases in A 340 associated with the oxidation of NADPH. The reacOther measurements. Protein concentrations were determined by tions were initiated by adding enzyme into 1 ml of 50 mM P i conthe Lowry method (23) using bovine serum albumin as a standard. taining 0.16 mM NADPH and 0.05 mM FMN. One unit of enzyme Fluorescence emission measurements were obtained at 23ЊC using activity is defined as 1 mmol NADPH oxidized/min using e 340 Å 6.22
a Perkin-Elmer MPF-44 fluorescence spectrophotometer. Technical 1 10 3 M 01 cm 01 for NADPH. emission spectra were collected without any corrections. Preparation of FRP apoenzyme. FRP apoenzyme was prepared by removing FMN using molecule sieve chromatography under denaturing conditions, refolding the FRP apoenzyme, and concentrating
RESULTS
the sample by DEAE-Sepharose chromatography. Guanidine hydroPreparation of apoenzyme. During the course of this chloride (0.6 g) was added to 1 ml of FRP (5 mg/ml) containing 1 mM dithiothreitol to denature the enzyme. The sample was then loaded study a number of procedures were tested for the prep-fluorescence was quenched by 87% without any detectable shift in the emission maximum (Fig. 1B) .
Stoichiometry and K d for FMN binding. The quenching of protein fluorescence by FMN binding was used to access the stoichiometry and dissociation constant (K d ) for FMN binding. In one experiment, apoenzyme at 1 mM was titrated with varying amounts of FMN. The protein fluorescence intensities at 330 nm were determined and plotted against molar ratios of (FMN)/(enzyme). The extrapolated break point for maximal fluorescence change corresponds to a binding of 0.85 FMN per apoenzyme monomer (Fig. 2A) Flavin cofactor specificity of FRP. FRP activity was enzyme by gradual removal of urea through dialysis recovered when the apoenzyme was mixed with FMN resulted in substantial protein precipitation. However, yields of soluble apoenzyme could be markedly increased if the protein sample in 6 M urea was subjected to a single-step dilution to substantially and rapidly lower the urea concentration. Another important observation was that the binding of apoenzyme by DEAESepharose was very tight at low phosphate concentrations (e.g., 50 mM), but was greatly weakened at 0.5 M P i . These findings led us to develop a simple method, as described under Materials and Methods, for the preparation of FRP apoenzyme with excellent yield and quality. Such a procedure produced apoenzyme with 80% yields in just a few hours. The apoenzyme thus obtained was free from FMN (on the basis of no detectable A 445 ) and, as will be detailed below, can bind a stoichiometric amount of FMN to generate a fully active holoenzyme. FMN at the same concentration, but the emission specusing 280-nm excitation, after the flavin-added samples were incutrum remained unshifted (Fig. 1A) . The protein fluo-bated for 10 min. DFluorescence is defined as the difference of the rescence of the apoenzyme showed a maximum at 330 emission intensity of apoenzyme minus that with the addition of a given amount of flavin.
nm (excitation at 280 nm). Upon FMN binding, the fluorescence was analyzed following the same method described for the FMN titration (l) shown in Fig. 2B . A K d of 0.3 mM was thus obtained for the 2-thioFMN binding (Fig. 2B, ᭺) , only slightly larger than the 0.2 mM K d for FMN binding. This high affinity enabled us to prepare an FRP derivative (FRP S ) containing a 2-thioFMN cofactor. Figure 3 shows the absorption spectra of FRP S and free 2-thioFMN. The binding of 2-thioFMN to the apoenzyme resulted in considerable spectral changes, especially the shift of the original 490-nm peak to 509 nm with an extinction coefficient of 18.4 mM 01 cm 01 at this wavelength for the bound 2-thioFMN. By measurements of protein and flavin contents, the amount of bound 2-thioFMN in FRP S (determined on the basis of e 490 Å 20.8 mM 01 cm 01 for free 2- tion was easily converted to FMN under the same conditions.
Values of K m and V max for FRP and FRP S .
As conand NADPH. However, no activities were detected trols, the K m,FMN , K m,NADPH , and V max of the native FRP when FAD or riboflavin was added along with NADPH were determined (Table I) . Similar measurements were to the apoenzyme. FAD or riboflavin at 30 mM did not also made using FRP reconstituted from apoenzyme quench the fluorescence of the apoenzyme. Furtherand FMN, and results were essentially the same as more, the same procedure described earlier for the rethose shown for the native enzyme. Although neither constitution of FRP holoenzyme from apoprotein was riboflavin nor FAD exhibited any detectable binding to followed using FAD or riboflavin replacing FMN. No the cofactor site of FRP apoenzyme, both flavins are bound flavin was detected in the enzyme sample after active as a substrate for FRP. In comparison with such treatments. All of these results indicate that the FMN, the K m was increased four-and fivefold and the FRP apoenzyme does not bind FAD or riboflavin as a V max was lowered by 33 and 40% for FAD and riboflavin, cofactor with any appreciable affinity. However, FAD respectively (Table I ). The reconstituted FRP S was acand riboflavin are effective substrates (described in tive in utilizing either FMN or 2-thioFMN as a submore detail below). strate (Table I ). The V max of FRP S using 2-thioFMN In contrast, the FRP apoenzyme binds 2-thioFMN substrate was 13% of that for the native FRP using with an affinity similar to that for FMN. A limiting FMN substrate. The K m,2-thioFMN of 7 mM for FRP S was amount of apoenzyme (70 nM) was titrated with varying levels of 2-thioFMN and the quenching of protein only slightly higher than the 5 mM K m,FMN of the native apoenzyme undergoes any detectable slow reaction such as denaturation that would affect their self-assembly processes.
The sedimentation data were analyzed initially for weight-average molecule weight (M V w ) for the entire solution column. Values of M V w were determined to be 4.6 (4.0, 5.2) 1 10 4 and 4.3 (4.0, 4.5) 1 10 4 for native and apoenzyme, respectively. The values in parentheses represent the limits of the 95% confidence interval. Since the monomeric molecular weights of native and apoenzyme are 2.6 1 10 4 , the observed values for M V w indicate that both native FRP and apoenzyme are capable of self-assembly to larger aggregates. The sedimentation data were then fitted to models of various stoichiometries and the choice of the appropriate stoichiome -FIG. 4 . Effects of FRP concentration on molecular sieve chromatogtry was defined by the goodness of fit and randomness raphy elution profiles. Experiments were carried out using a Pharmacia FPLC system and a Sephadex 75 column. Samples (0.5 ml) of the distribution of residuals. Following these procecontaining 22, 1.1, and 0.11 mM FRP were injected into the column dures, the sedimentation data best fit a stoichiometry preequilibrated and eluted with 50 mM P i , pH 7.0. Profiles were of 2 for both native FRP (Fig. 5) and apoenzyme (Fig. 6 ).
normalized by setting the maximum A 280 at 1.
An increasing value of stoichiometry led to increasingly poorer goodness of fit (not shown). Thus, both native and apoenzyme are capable of undergoing dimerization FRP. On the other hand, the 3 mM K m,NADPH of FRP S with K d values of 1.8 and 3.3 mM, respectively. determined at 0.05 mM 2-thioFMN was lower than the 11 mM K m,NADPH of the native FRP at 0.05 mM FMN.
DISCUSSION
Values of K m and V max cannot be accurately determined for FRP and FRP S using 2-thioFMN and FMN, respecTwo general strategies for the preparation of apoentively, as a substrate because some degrees of exchange zymes from flavoproteins have been described in the between the flavin cofactor and flavin substrate occurred during the course of the activity assay. In comparison with FRP using FMN as a substrate, the V max was estimated to be £30% for FRP S using FMN substrate and §50% for FRP using 2-thioFMN substrate.
Subunit interaction. The crystal FRP showed a homodimeric structure, yet an earlier molecular sieve experiment revealed an apparent M r of 33,000, higher than but close to the monomer M r of 26,312 (15) . Two lines of experiments were carried out to test the hypothesis for a monomer-dimer equilibrium of FRP. First, FRP at initial concentrations of 22, 1.1, and 0.11 mM was subjected to molecular sieve chromatography at 23ЊC; a well-defined elution peak was observed for all three samples with retention times corresponding to apparent molecular masses of 38, 34, and 30 kDa, respectively (Fig. 4) . As a control, V. harveyi luciferase at 4.8 and 0.6 mM was subjected to the same chromatographic treatment but no difference in retention time was observed. These results indicate the existence of a rapid monomer-dimer equilibrium of FRP.
Next, equilibrium ultracentrifugation was employed, using both the native FRP and its apoenzyme, for a more rigorous and quantitative analysis of the pro- servations indicate that neither native FRP nor the suggests the importance of the negative charge group in FMN binding. Interestingly, both riboflavin and FAD exhibited considerable activities as a substrate for FRP (Table I ). The K m values for these two flavins were only four-to fivefold higher than that for FMN. Apparently, the nature of flavin cofactor binding and that for the flavin substrate binding are significantly different.
Although monomeric FRP has eight tyrosine residues (15) , the shape of the fluorescence emission spectrum of the native enzyme (l max at 330 nm; Fig. 1) indicates that the sole Trp-212 residue (15) must be the primary fluorophore under 280-nm excitation. The binding of FMN resulted in 87% quenching of protein fluorescence. The Trp-212 side chain and the isoalloxazine ring of the bound FMN have no direct contact and are separated by about 13 Å according to the X-ray structure of FRP (18). Therefore, such a high degree of quenching cannot result from a dark complex formation between Trp-212 and FMN and is unlikely due to a highly efficient energy transfer from tryptophan to similar to that for the FMN binding. Moreover, both FRP S and FRP are catalytically active in using FMN or 2-thioFMN as a substrate. These properties make FRP and FRP S an invaluable system for the evaluation literature: weakening the binding of the native cofactor of the mechanism of reduced flavin transfer from flavin and transformation of the bound flavin. Following the reductase to bacterial luciferase. Our preliminary kifirst strategy, acidic pH, KBr, and partial protein un-netic studies suggest that luciferase preferentially utifolding by urea or guanidine hydrochloride have been lizes the reduced flavin cofactor, rather than the reused, individually or in combination, to release the duced flavin product, of FRP for the FRP-luciferase bound flavin (24). An example for the second strategy coupled bioluminescence reaction (19) . Luciferase can is the use of CaCl 2 to prepare apoproteins from certain use both FMNH 2 and reduced 2-thioFMN as a sub-FAD enzymes by enhancing the hydrolysis of the cofacstrate for bioluminescence but with a lower quantum tor to FMN which dissociates readily (24, 25). Dialysis yield for the latter flavin (26, 27). Moreover, the bioluis commonly used to remove dissociated or transformed minescence obtained from reduced 2-thioFMN peaks at flavin. The basic principle of the first strategy has been 534 nm (uncorrected), considerably red shifted from adapted in this work to develop a procedure suitable the 492-nm maximum (uncorrected) observed in the for obtaining FRP apoenzyme with high yields and ex-FMNH 2 -initiated emission (26). By using FRP or FRP S cellent reconstitutability. It should be noted that a sinin combination with FMN or 2-thioFMN in the lucifergle-step dilution of urea was carried out in the early ase-flavin reductase coupled assay, the relative contristage of treatment to allow protein renaturation, and butions to luciferase light emission by the reduced flathe time-consuming dialysis is not employed at all in vin cofactor and flavin product of the flavin reductase this procedure, thus enabling us to complete the apoencan likely be distinguished and quantified. Such studzyme preparation in just a few hours. This not only ies are currently underway. saves time but also gives high yields and improves the The X-ray structure of FRP shows that the oxidized quality of apoenzyme. This procedure may potentially FMN cofactor is tightly bound by 16 hydrogen bonds be adapted for the preparation of apoenzymes from (18). Moreover, only the original hydrogen bond beother flavoproteins.
tween the flavin N5 and the FRP Gly-130 amide hydroThe apoenzyme binds FMN tightly but binding of gen could be lost as a direct consequence of flavin reduc-FAD or riboflavin at the cofactor site was not detected. tion (18). Hence, it is intriguing how to reconcile these The poor binding of FAD probably reflects an intolerfindings with the direct transfer of reduced FMN cofacance of the bulky adenosyl group of FAD. The low affinity for riboflavin, which lacks the phosphate end group, tor from FRP to luciferase as suggested by our kinetic results. We are currently entertaining at least two pos-determined by molecular sieve chromatography (14, 15) , whereas the enzyme monomer has a molecular sibilities. First, the reduction of FRP cofactor could lead mass of 26 kDa (15) . The apparent discrepancy can to a critical conformational change of FRP, thus weaknow be accounted for by the concentration-dependent ening the binding of the flavin cofactor. Second, our dimerization of FRP. kinetic studies suggest that luciferase could form a transient complex with the reduced FRP. The binding
